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and dashpot) mechanical model consisting of a linear spring and dashpot in
series coupled in parallel with a pilecewise linear hysteretic or compacting
spring.

-

ONED3P allows for th€ analysis of a column of multilayered viscocom-
pacting soils loaded by a digitized surface pressure-time history. Any set of
consistent units may be used with this code and results may be obtained in the
form of stress-, strain-, acceleration-, velocity-, and/or displacement-time
histories as well as stress-strain curves using standard Calcomp software.

Several demonstration problems were calculated using ONED3P to evaluate
its features and capabilities against (a) available analytical solutions for
viscous and nonviscous problems, (b) other code solutions, and (c) measurements
from field experiments that evince rate-dependent soil behavior. In general,
results were extremely good.

Special attention was given to the effects of loading rate or frequency
on wave speeds in viscous media and to methods of deriving the ONED3P model
parameters from laboratory material property test data. Program listings and
user's guide for-ONED3Prare included in Appendix A.
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PREFACE
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report was prepared by Mr. Curtis.

Special acknowledgement is given to Drs. Rohani and J. S. Zelasko
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Director of WES during this investigation was COL Nelson P.
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A ONE-DIMENSIONAL PLANE WAVE PROPAGATION
CODE FOR LAYERED RATE-DEPENDENT
HYSTERETIC MATERIALS

PART I: INTRODUCTION

Background

%

1. Material property test data recently acquired in the Geo-
mechanics Division of the Structures Laboratory at the U. S. Army Engi-
neer Waterways Experiment Station (WES) have revealed that the dynamic
compressibility response of various soils subjected to loadings with
submillisecond rise times is both qualitatively and quantitatively dif-
ferent than their response to slower loadings.l Reference 1 cites sev-

eral examples of test results in which the stress-strain response of

soils was much stiffer during rapid loading conditions than for quasi- ;
static experiments. :
2. Furthermore, field measurements recently acquired during

shallow~buried structures experiments (References 2 and 3) indicated

that for surface loading rise times on the order of 0.01 to 0.1 msec,
high-amplitude (10 to 40 MPa) stress waves traveled faster through the
sand cover above the structures than would be predicted from seismic ve-
locity data or from uniaxial strain test data generated in the laboratory

using loadings with rise times on the order of a few milliseconds.

s T e e w."‘-(;._ .

Purpose and Scope

3. The purpose of this report is to describe the development and
evaluation of a one-dimensional plane stress wave propagation code
called ONED3P which treats layered, nonlinear, rate-dependent, hysteretic
materials.

4. A description of the constitutive relationship used in ONED3P,

which is represented by a three-parameter mechanical model, is given in

i
3 i




Part II. Part III contains a description of the major features of
ONED3P, including its solution algorithm and its treatment of different
boundary conditions. The capabilities of the code are checked against
available analytical solutions and other code calculations in Part IV.
Part V describes how the model parameters can be evaluated from labora-
tory and field data and goes on to compare ONED3P calculation results
with those from field experiments. Finally, a user's guide is presented

in Appendix A.
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PART II: MODEL DESCRIPTION

Mechanical Model

5. In general, a rate-dependent constitutive model should relate
stress, strain, stress rate, and strain rate in the following functional

form:
6 = f(o, €, €) (1)

where the dot indicates time differentiation.

6. The literature (References 4 and 5) shows that numerous rela-
tionships among forces, displacements, loading rates, and velocities may
be written by developing the governing equations for various combina-
tions of linear mechanical elements; namely, springs and dashpots. The
springs generate forces (or stresses) proportional to displacements (or
strains), while the dashpots generate forces proportional to velocity
(or strain rate). An example of a mechanical model whose governing equa-
tion looks like Equation 1 but which is still relatively simple to work
with is shown in Figure la. Furthermore, Reference 1 has already demon-
strated that such a model can be used to simulate the rate-dependent
stress~strain reponse of a single particle.

7. It can be shown that the equation which governs the behavior

of this three-parameter model is4

MMy

n

. MZ .
o + ;r-o = e + (M2 + Ml)e (2)

The Ml and M2 functions in Equation 1 bound the stress-strain behav-

ior of the material in the following ways. First, for very slow loading

€ -+ 0), Ml describes the complete stress-strain response

and, hence, represents the "static" behavior of the material. On the

rates (o ,

other hand, for extremely fast loading rates, the dashpot acts as though

it were rigid and the sum of Ml and Mz governs the model behavior.
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M, =CONSTANT

7 =CONSTANT

]
t wit)

a. ARRANGEMENT OF SPRINGS AND DASHPOT
IN MECHANICAL MODEL

3 ' 1
b. STATIC STRESS—~STRAIN CURVE DEFINING THE M, FUNCTION 1

Figure 1. Details of the proposed visco-
compacting mechanical model for soils
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Therefore M, + M represents the upper bound of material stiffness.

1 2
Any material response between these bounds is then controlled by the

value assigned to n .

Finite Difference Form of the Governing Equation

8. Equation 1 is written for constant material property param-

eters Ml s M2 , and n and deals with total values of stress and

strain and their time derivatives. To accommodate nonlinear properties,

Equation 2 was written in incremental form as

M ;
po + 1o AG = M pe + n[l + <2)ac (3) ‘
M 1 M
2 2
wherein Ml . M2 , and n are considered to be constants within each <
increment of time. In fact, as a first-order approximation to obtaining

a model of the visco~compacting material described in Part I, M2 and n

are treated as constants for all time. Ml is described by a piecewise

linear stress-strain curve (with an arbitrary number of segments) which

has separate loading and unloading behavior (Figure 1b).
9. Using the subscript i+l to refer to a new point in time, 1
to refer to the present time, and i-1 to refer to the previous point

in time, the incremental terms in Equation 3 may be written:

\

bo =041~ 9% :
i
;
== - #
be =i 7 & :
i

i+1/2 i-1/2 At At { {
n (o] .

! 1
'
PR - N G S !
At At ) ;
n !

where Atn = t, and Ato =t Substituting Equation 4

ti41 T 5 17 Fi-1
into Equation 3 yields the final incremental form of the

-~ . 4\"{45.‘-» !,-Md-




constitutive relationship used in ONED3P:

n n
M, AL M. At
2770 2
Yi+1 01 1+ 1+ n - 01-1 1+ n + (Ci+l - Ei)
MZAtn MZAt
M M
n 1 n 1
Mt A <1+M> At <1+M)
2 0 2
x n - (Ei - ei—l) n )
L+ 1+
MZAt MzAt

10. As long as Ml remains constant over any two consecutive

time increments, Ato is equal to Atn . If, however, Ml changes
within a time increment the following technique is used to
evaluate the new state of stress. Consider the diagrams shown
in Figure 2 where the strain of some piece of the material has
proceeded from point a to point b to point d on two ccnsecutive time in-
crements. There is a change in Ml between points b and d. ONED3P
automatically breaks the time increment from b to d into two (or more,
if necessary) subintervals which are proportional to the strain segments
(ec - eb) and (cd - ec). The code then proceeds as shown in Figure 2 to
calculate the new stress state in two steps (or mor~).

11. Other techniques for handling a change in the Ml function
were tried including (a) rewriting Equation 3 to include variable Ml
(b) choosing one M. value or the other to be used in Equa-

1
tion 5, and (c¢) computing an average value of Ml over an interval.

values,

Assuming that there were no programming errors, none of the other tech-

niques gave results as consistently stable as did the method shown in

Figure 2.
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PART III: CODE DESCRIPTION

Solution Algorithm

1.. Spatially, ONED3P employs two-node isoparametric one-
dimensional finite elements in which displacement is assumed 1. - Aary
linvarly between the nodes. This assumption leads to a constant strain
and, hence, constant stress within each element. Furthermore, half of
the elements's mass is assigned to each node and because each element
is assumed to have a unit cross-sectional area, the stress in each ele-
ment may be repia uvd by node point loads (or forces) equal in magnitude
to the element stress. Nodal accelerations are found by summing
the forces acting on each node and dividing by the node mass.

13. This scheme aliows for a simple visual interpretation of what
the ONED3P code deals with., Figure 3a shows a column of continuous
material, the horizontal dimensions of which have no meaning (since the
cede works with a unit cross-sectional area). Figure 3b shows the
equivalent system of lumped masses and mechanical elements with
which ONED3P actually works.

14. The solution algorithm for the equivalent system is shown
graphically in Figure 4. New nodal velocities (V) and displacements (d)

are calculated by a simple linear integration scheme:

v + .
new old anew at

(6)

[=9
]

+ .
new old Vnew At

where '"a" stands for acceleration. A more exact integration scheme

was tried but led to numerical instabilities.*

* It is the author's belief that the linear integration scheme used in
ONED3P serves to make the normally lagging response of an element (due
to the finite spacing of nodes and the use of a finite time increment)
"catch up"” to the true solution by computing larger velocity incre-
ments while accelerating and smaller increments when decelerating.
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a) COLUMN OF CONTINUOUS MATERIAL
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Figure 3.
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b) EQUIVALENT SYSTEM FOR ONED3P

ONED3P interpretation of a typical
one-dimensional problem
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COMPUTE NEW
ACCELERATIONS

INCREMENT
TIME AND ADJUST FOR
SURFACE LOAD
Time CONDITIONS
LooP
START
ADJUST
NODE POINT
LOADS
COMPUTE
Ean. (5) ELEMENT COMPUTE NEW
NEW STRESSES
DISPLACEMENTS
COMPUTE
NEW STRAINS

Figure 4. Solution algorithm for ONED3P

Boundary Conditions

15. Fixed and free bottom boundary conditions are handled in
ONED3P just as they are in all finite element codes; namely, the acceler-
ation for a fixed-surface node is always set equal to zero while a free-
surface node is treated like any other node within the material column.

16. An approximate transmitting bottom boundary has also been
incorporated into ONED3P. The expression for particle velocity and

strain from linear elastic one-dimensional wave propagation theory is:

12
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L

Ce (7)

where C 1is the wave speed which, under uniaxial strain conditions, is

M
= o= 8
« o (8)
M being the constrained modulus and p the density of the material.
To implement the transmitting boundary, Equation 7 was written incre-~
mentally as:
Vnew = Vold + C(Enew - eold) (9

where the strain at the boundary node was taken to be the current strain
in the last element.

17. The wave speed is computed anew at each time step as a func-
tion of the current value of Ml in the last element using the follow-
ing reasoning. First, the tangent modulus at any point on the dynamic
stress-strain curve cannot be used because it can have negative values.
Second, the current value of Ml was found to be insufficient for vis-
cous problems in which the dynamic stress-strain curve was much different

than the static curve. As expected, using M. alone resulted in a sof*:

1
boundary for highly viscous calculations. Obviously what is needed is

a modulus which approaches Ml under nonviscous conditions but which
takes into account the stiffer dynamic stress-strain response of highly
viscous calculations. One measure of the dynamic response in a material
is the net amount of energy absorbed at a given point--in other words,
the area under the stress-strain curve. Based upon these observations,

the value of M in Equation 8 was finally taken to be:

Aq
M= Ml A (10)
s
where
A, = the area under the loading portion of the dynamic stress-
strain curve
13
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As = the area under the loading portion of the static curve
This treatment gives stable results and has worked quite well under most

conditions.

Surface Loading

18. Since the one-dimensional column being simulated by ONED3P
is assumed to have a unit cross-sectional area, force and stress are
synonymous and therefore a stress~time history may be applied directly
to the surface node as a force-time history. To allow for generality
of input, the surface forcing function used in ONED3P must be digitized
and read by the code from a data file. With only a minor modification
to the code, a velocity-time history could be applied to the surface

as well.

Consistent Units

19. One convenient feature of ONED3P is that any set of consistent
units may be used in the code. Consistent units are sets of units which
do not require conversion factors to make calculations balance in a unit
sense. Any of the sets of units shown in Table 1 may be used in ONED3P
to generate equivalent results. Note that set D represents the set of

units normally referred to as SI units.

Plotting of Results

20. ONED3P has been written to generate several types of plots
using standard Calcomp software. Time histories of stress, strain,
acceleration, velocity, and displacement may be obtained as well as plots
of total dynamic stress versus strain. Further information on plots is

available in Appendix A.

14
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PART IV: ONED3P COMPARISONS WITH AVAILABLE SOLUTIONS

21. A variety of ONED3P calculations were performed on the WES
G-635 and DPS/1 computer systems to demonstrate and evaluate how well
the code presently functions. These demonstrations are presented
herein.

22. Time increments and loading function rise times which led tb
stable calculations were selected using commonly accepted criteria;6

namely,

AZmin
At < C (11)
max
Azmax
tr > C (12)
min

where Az is the element size and the minimum and maximum wave speeds
for each problem are determined by the smallest Ml value and the sum

of M2 and the largest Ml value, respectively. Although loading func-
tions which do not satisfy Equation 12 may be used, it was discovered
that such calculations generated larger-than-expected wave speeds for

elastic problems.

Nonviscous Problems

Linear elastic single-layered column

23. Figure 5 describes the problem geometry, material properties,
surface loading conditions, and boundary conditions for four ONED3P test
calculations that specify linear elastic material behavior. The first
three calculations are for a single layer of material. Problems 1 and 2
were computed to test free and fixed bottom boundary conditions, respec-
tively, while Problem 3 was run to determine whether or not a simple
calculation could be made with a step load having no rise time.

24, Stress-, velocity-, and displacement-time histories for each

16

R R kT




t
SURFACE LOAD ’ v
‘ b) SURFACE LOADING FUNCTION

L[]

f M2 = 0
]

5w MATERIAL 1 n =0

p = 2000 kg/m3

A2 = ,lwm
][ F_- c) MATERIAL PROPERTIES
My

bott

5m MATERIAL 2 Prob # | Matl 1 ,Mat'l 2 t, bour?g;ry

1 100 MPa {100 MPaj 2 msec free

fixed

L 3 " " 0 msec -

BOTTOM BOUNDARY

4 " 400 MPa| 2 msec b

a) PROBLEM GEOMETRY d) PROBLEM PARAMETERS

Figure 5. Problem descriptions for linear elastic calculations
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of these three problems are contained in Figures 6 through l4. Exact
solutions are superimposed on selected stress-time histories and clearly
show that ONED3P can handle linear elastic calculations very well. Elim-
inating the loading function rise time in Problem 3 resulted in slightly
greater stress and velocity oscillations than those in Problem 2 as well
as greater wave speeds than expected, but the calculation still remained
stable. This is not to say that all ONED3P calculations would be stable
without a loading function rise time. Rather, the user is advised to

use the rise time stability criterion (Equation 12) for all computations.

Linear elastic multilayered column

25. Figure 5 also contains a description of Problem 4, which is
a column of two material layers, the bottom layer having twice the im-
pedance of the top layer. Results for this calculation are shown in
Figures 15 through 17 and, once again, the code does an excellent job of
matching the analytical solution.

Linear hysteretic
single-layered column

(7

26, Salvadori et al. developed an analytical solution for one-
dimensional stress wave propagation through linear hysteretic material
which was applied to Problem 5 described in Figure 18. Since the analyt-
ical solution was for a semi-infinite medium, Problem 5 presented an
opportunity to test the transmitting boundary in ONED3P on something
other than a linear elastic material.

27. Calculation results are compared with analytical results in
Figures 19 through 21. Agreement is excellent. Note that in the stress-
time histories only a slight bump occurs in the response of each element
at the times when waves reflected off the boundaries would normally pass
through the element.

Nonlinear hysteretic
single-layered column

28, The only available solution for stress wave propagation
through highly nonlinear hysteretic material was one generated by the

ONED code and presented in Reference 8. This problem, designated

18
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Problem 6, is described in Figure 22 which also shows the data points
used in both codes to digitize the nonlinear stress-strain curve.

29. Stress-time histories from the two code calculations are com-
pared at various depths in Figure 23. Obviously the first compression
wave and its reflection look very much alike using either code. However,
it appears that unloading waves which result in low stress levels travel
much faster in the ONED3P calculation than in the ONED calculation. The
reason for this lies within the unloading-reloading logic used by each
code.

30. Consider Figure 24 which shows the unloading curves for any
element as generated within each code. The ONED code calculates the
stress level where an unloading curve bends as a percentage of the maxi-
mum previous stress computed in the element. Therefore, if the unload-
ing curve was originally defined from the point A, then an unloading
curve from point B would look like that shown in Figure 24a. On the
other hand, the ONED3P was designed to account for the observation that
many unloading curves bend at about the same stress level regardless of
the stress value from which they originate. The resulting unloading
curve from point B as computed by ONED3P is shown in Figure 24b. Compar-
ing the two figures, it becomes obvious that if unloading takes place
from stress level B to stress level C the slope of the unloading curve
at C in the ONED3P calculation would be greater than the slope at C in
the ONED calculation. Under these conditions, unloading waves in ONED3P

would travel faster than similar waves in ONED.

Viscous Problems

Linear viscoelastic column

31. Using Laplace transform methods, Morrison9 solved the problem
of a semi-infinite column of linear viscoelastic material subjected to
a step load at its surface. One of the material models he used was a
three-parameter model like that of Figure la where the three parameters
all had constant values. His results were presented in a nondimensional

form of stress versus depth in the column at constant times. By
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cross—-plotting Morrison's results at given depths atter interpolating
additional constant time curves it was possible Lo penerate stress-time
historivs trom his published results which could then boe compared with
ONED3P results for any given problem.

32, Figure 25 describes the linear viscoelastic ONED3IP calcula-

tions which were set up for comparison with Morrison's results for a

wiven set ot M M, , and 1 values. The analvtical results assumed

1’ 2
a step load on the surface of the column, whereas a finite rise time was

chosen for the ONED3P calculations. In fact, two rise times were

selected: 1| msec for Problem 7 and 0.5 msec for Problem 8.

33. Results for each problem are shown as stress-time histories
at various depths in Figure 26. Morrison's solution is shown as dashed
curves. Although the finite rise times in each problem contribute to
poor early-time comparisons at each depth, the late-time comparisons
look very good. There was sufficient viscosity in these calculations
to cause low-stress-level waves to travel at a speed determined by the }
sum of Ml and M2 and to arrive at each depth at the correct time (as
predicted by Morrison's solution).

34. Cutting the rise time in Problem 8 cuased an overshoot of
calculated stress compared to Morrison's predictions. The reason for
this phenomenon is not clear.

35. The question of how well the transmitting boundary works in
viscous calculations cannot be answered in this section. The column of
material in Problems 7 and 8 is long enough that for the selected mate-
rial a stress wave would not reflect back from the bottom boundary to
the 3-metre depth in 20 msec. Transmitting boundaries for viscous
materials will be discussed later in paragraphs 44-46.

Effect of loading rate
and viscosity on wave speeds

LR R TP RN e S

36. Consider a column of material which behaves like the three-
parameter mechanical model shown in Figure laand which is loaded by a
loading function with a finite rise time. Intuitively, as that rise

time decreases, stress waves travelling through the column should travel
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faster. The reason (or this is that the viscous element or dashpot be-
haves more and more like a rigid element as the rate of loading on it in-
creases which, 1n turn, magnifies the contribution of M2 to the total
stiftness ot the model. As this happens, the slope of the stress-strain
curve at any point in the column will increase, which results in faster
wave speeds.

37. Now consider 4 sinusoidal loading function acting on a three-
5

parameter material haviong constant properties. From Kolsky”? the speed
of 4 sinusoidal diiational stress wave in such a material is a function

of its trequency and mav be written

J M. (M, + M) 1/2
) o 171 2
( < wave speed = - B e e (13)
r S e 2
(M, ¢ M)+ Mw M, + M, + M w
] 2 1 1 2 1
B B e + i
. 2 2
o w 1 +w

where w s a oormalizod frequency and is equal to the frequency of
the wave (Z7f) t1oes the "time of retardation” of a Kelvin-Voigt element

(1) which in this case i

n
RV (14)
MM,/ (M + M,

Nete that tor very tow frequencies,

¢« >»C_ = , w >0 (15)
wilere FS is the slowest possible wave speed in the material and is
assuciated with the eiement's quasi-static behavior whereas for very

high trequencies

y w > (16)

where leﬂ +s an apper bound on the wave speed and is associated with
1A

the parallel sprivyg ¢lesents. Finally, combining Equations 13, 14,
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and 15, one has

‘ 2(M, + M) 1/2

C 1 2
o= - e — (17)
by I 2

(M, + M,)" + MTw M, + M (1 +uw")

1 2 1 2 1
R e
1 + W 1 +w

Mste that for a given set of Ml and M2 values, C/CS is a unique
function of the product of frequency and viscosity.

38. Equation 17 is an analytical tool which can be used to pre-
dict the speed of a sinusoidal stress wave in a three-parameter material
as a function of its frequency and the properties of the material. The
question is: Will stress waves calculated by ONED3P behave in the same
wiav? A series of six ONED3P calculations were devised to answer that
question. Those calculations are described in Figure 27. The signifi-
cance ot the parameter values and loading frequencies which were chosen
will soon be apparent.

39. Two examples of ONED3P calculation results for these problems
are shown in Figure 28. That the stress—time histories at each depth
in the column are not smooth sinusoidal curves may be attributed to
numerical approximations inherent in any finite difference or finite
clement code. Observe, also, that the conditions at any depth do not
become steady-state until after approximately two stress cycles. All
six calculation results exhibited similar behavior.

40. Focusing attention on the stress-time histories at the three
greatest depths, the following method was applied to determine the wave
speed, C , for each problem. Utilizing the common drafting technique
for drawing parallel lines with two triangles, a line was chosen for
each problem which best described the intersection of each stress cycle
with the time axes at the three greatest depths. Naturally this was
done only for stress cycles which occurred after the stress wave became
steady. The inverse slope of this line, being the speed with which each
stress cycle propagates along the column, was then divided by CS from

Equation 15 and the results were plotted in Figure 29 which contains the
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Figure 27. Description of problems used to study the effects of fre-

quency of a sinusoidal stress wave on its wave speed
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unique curve determined by substituting the Ml and Mz values for
these six problems into Equation 17.

41. Qualitatively, the results of these six calculations were
quite good in that they form points on a curve which, considering the
nature of the ONED3P solution algorithm,/}s unique and which is nearly
parallel with the predicted curve. Quantitatively, however, the calcu-
lated response is shifted to the right of the predicted response. This
may be looked at in one of two ways: first, for a given frequency and
viscosity, the calculated speed of a sinusoidal stress wave is less than
would be predicted by theory, or, second, in order for a sinusoidal
stress wave to travel at a given speed, it either must have a greater
frequency than theory would require or it must be in a material which
is more viscous than theory would dictate (or both). Time and funding
do not permit a more thorough examination of these results. However, it
is suggested that if the discrepancy between computed and predicted wave
speeds is due to numerical approximations within the code, a calculation
with a much finer grid and time step (and therefore more expensive) might
result in a better correlation.

42, Although sinusoidal loading functions are analytically clean
in the sense that they possess only one frequency component, the types
of dynamic loading functions which are used in laboratory testing or
which are observed in field experiments contain an infinite number of
frequency components and may be approximated in many cases by a step
load with a finite rise time such as that shown in Figure 30b. As a
further exercise in studying the effects of viscosity on wave speed, the
three problems described in Figure 30 were calculated and the resulting
wave forms were plotted in Figure 31. Clearly, for a given rise time,
increased viscosity results in faster wave speeds. The reason for this
is shown in Figure 32 where it can be seen that increased viscosity
causes a stiffer stress-strain response in a given element. If one took
the rise time of the loading function as one-fourth of the period of a
sine wave, it would be possible to calculate C/Cs values to be plotted
in Figure 29. However, the initial arrival times for sinusoidal stress

waves did not correlate well with theoretical predictions; neither do
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the arrival times for Problems 15, 16, and 17.

43. At this time it is not recommended that Equation 17 be used
to predict initial arrival times for stress waves generated by loading
functions like that in Figure 30b. 1[It is felt that the infinite fre-
quency components in a finite rise time step load violate the assumptions
under which Equation 17 was derived. However, Figure 31 does show
clearly that wave speeds in a dynamic problem with a finite rise
time are a function of viscosity. Furthermore, it will be demonstrated
in Part V that, for a given viscosity, loading rates on the order of a
fraction of a millisecond can affect wave speeds.

More on the transmitting boundary

44, The ONED3P transmitting boundary was shown to work quite well
for the nonviscous linear hysteretic problem--Problem 5. As a check on
how well it handles viscous materials, Problem 5 was recalculated with
an M2 value equal to 69 MPa and three different n values (see Fig-
ure 18 for other problem parameters). These calculations were assigned
n values equal to 10, 100, and 1000 MPa-msec, respectively.

45, Results, in the form of stress-time histories, are shown in
Figures 33, 34, and 35. Assuming that the stress-time history at any
depth should be a smoothly decaying function after the peak stress has
been reached, it is obvious that some energy is reflected from the bot-
tom bovadary. For the highest viscosity the transmitting boundary
appears to behave too stiff, resulting in a small compressicn wave being
reflected back to the top of the column.

46, It is left to the discretion of the ONED3P user whether or
not to use the transmitting boundary for his problem. 7Tuese three
calculations are only offered as examples, and it would be improper to

draw from them general conclusions concerning all viscous problems.
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PART V: ONED3P SIMULATION OF FIELD EXPERIMENTS

Background

47. Several field experiments have been conducted by WES person-
nel to test the response of shallow-buried, flat-roofed, concrete box
structures to an approximate plane wave surface load generated by soil
berm-covered explosions. The geometries of these experiments are pre-
sented in References 2 and 3. Soil stress histories at different depths
were measured in the field during the events.

48. Laboratory material property tests were conducted on the
sand backfill placed around and above these structures to determine the
sand's compressibility. Rapid loading of sand backfill laboratory
samples resulted in stiffer stress-strain responses than those obtained
with static loadings. Field test results showed that the downward
propagating stress waves travelled through the backfill sand with a
speed much faster than the p-wave velocities determined from seismic
refraction surveys. It has been suggested that this phenomenon can
also be explained by the rate-dependent behavior of the sand.

49. An effort was previously made to simulate these field experi-
ments with the ONED code using different rate-independent stress-strain
curves to simulate the rate~dependent behavior of the sand backfill at
different depths.lo This brute-force method of accounting for rate
dependence is at best an art which requires some posttest knowledge and
is therefore not useful for pretest predictions. It would be both more
convenient and physically more sound to use a true rate-dependent one-
dimensional wave propagation code to try to simulate these field experi-
ments. In this regard the development of ONED3P is very timely.

50. To demonstrate how ONED3P can be applied to real problems,
backfill response in two of the above-mentioned field experiments, desig-
nated as FH4 and FH5, was simulated with the new code. Backfill proper-
ties were assumed to be the same in both experiments and only the sur-

face loading functions were different.
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Evaluation of Model Parameters

51. At present, the most sound method for determining quantita-
tive values for the three mechanical parameters required by the ONED3P
code is to select those parameters which will best reproduce both
"static" and '"dynamic" laboratory uniaxial strain test data. This can
be done by using a simplified version of ONED3P called a driver. Put
simply, the driver determines the strain response of the three-element
model due to a known applied stress-time history.

52. Consider the ONED3P mechanical model and typical labora-
tory data shown in Figure 36. In order to properly evaluate the model
parameters, one must have a ''quasi-static'" response curve and at
least two (but preferably more) "dynamic" stress-strain curves that will
clearly depict the effects of rate of loading on the stress-strain re-
sponse. The '"dynamic" test data should include the fastest loading
rates expected under field conditions. The ''quasi-static'" data can be
derived from much slower loading rates} e.g., rise times on the order
of tens of seconds are usually adequate. The three mechanical parameters
will now be examined one at a time.

53. First there is the Ml function. It is defined by the
"quasi-static" curve since very slow loading rates effectively cause
the viscous and M, spring elements in Figure 36 to disappear.

2

Since ONED3P is an incremental code, Ml is, in fact, the tangent slope

of the quasi-static curve at any point. Thus, for some nonlinear

hysteretic materials, Ml may vary dramatically.

54, Next is the value of MZ , which in the current version of

ONED3P is taken to be a constant. For extremely rapid loading rates the
viscous element is nearly rigid and the response of the three-parameter

model is governed by the sum of Ml and M2 . Thus, one possible means

of establishing MZ is to determine the value of the initial tangent
slope of the stiffest dynamic stress-strain loading curve and call that

Ml + M2 . This tangent should form an upper bound to all of the avail-

able dynamic stress-strain data. M2 can then be calculated because the

value of Ml at the origin is known.
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M, = CONSTANT

€ j—' n = CONSTANT

a) THREE-PARAMETER ONED3P MODEL

STATIC
RESPONSE

€

b) UX TEST: APPLIED STRESS PULSES ¢) UX TEST: RESPONSE DATA

Figure 36. The three-parameter ONED3P model and typical laboratory uni-

axial strain test data that can be used to determine quantitative values
of the model parameters
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55. Finally there is the viscosity coefficient, n , which,
apain, is presently taken to be a constant in ONED3P. Since n is
effectively zero under quasi-static loading conditions and is effec-
tively equal to « wunder almost instantaneous loading conditions,
the task is to find the most appropriate value of n (between zero and
«) that will produce agreement with the available "dynamic' stress-
strain data. This can be done by a trial-and-error process (once M

1
and M2 are specified). That process entails varying n and executing
the driver with each dynamic forcing function associated with the labora-
\ tory tests.
56. For example, consider the laboratory uniaxial strain test

data derived from tests on samples of sand backfill used in the FH&4

field experiment. These data are shown in Figure 37. The "static" re-
sponse of the FH4 sand (Figure 37a) is well behaved, and a bilinear ap- |
proximation to the average of the loading curves was assumed for M1
while the unloading response was assumed to be a straight line. The

change in slope of the loading curve occurred at 20 MPa and 7.6 percent

strain, while the unlcading curve was drawn from 35.2 MPa and 11.8 per-
cent strain to 0 MPa and 10.8 percent strain.

57. As fur M, , the steep tangent shown in Figure 37b was chosen

at the upper bound ti the data; its slope was such that M2 was calcu-
lated to be approximately 10,000 MPa.

58. Finally, several values of n were arbitrarily chosen and
the driver was exercised with the applied load functions from laboratory
tests D4.6, D4.7, and D4.8, which are all shown in Figure 37b. A value
of n = 10 MPa-msec was finally selected. It gave a good approximation

to the D4.7 dynamic stress-strain curve but significantly undercut the

initial slopes of the faster tests (D4.6 and D4.8) as shown in Figure 38.
Before discussing the ONED3P results using these parameter values it
should be noted that another possible method for establishing the mate-
rial parameters is as follows. Given some M, or "quasi-static" func-

1

tion, M2 and n could be derived through iterative ONED3P calculations

against experiments like FH4 such that the arrival times of the stress

wave fronts eventually match those measured in the field tests. Other
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Figure 37. Laboratory uniaxial strain test results for FH4 backfill sand
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Figure 38. A comparison of the three-parameter model
fit with dynamic FH4 laboratory results
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specific problem needs not covered herein could dictate additional ap-

proaches to determining the ONED3P parameters.

Calculation Results

59, Two ONED3P calculations were set up for comparison with FH4

and FH5 field test results. Sand density was taken as 1685.3 kg/m3.

A grid spacing of 0.3175 cm was used and the time increment was taken

to be 0.001 msec. In fact, the problem set-ups were identical to the

previously mentioned ONED code simulations of the same tests. (ONED3P

ran 30 percent faster than ONED for each calculation.)

60. Figures 39 and 40 compare stress-time histories generated at

various depths by ONED3P with the measured field stress wave forms.
Also included on those figures are the dynamic stress-strain curves

generated by ONED3P at the corresponding depths. Although these simula-

tions are only reported as an example of how to apply ONED3P to a real
problem, a brief discussion of these results is still warranted.

61. First it is obvious that the calculated wave forms are differ-

ent than the measured wave forms. There are at least two things which

could be done to improve that comparison. One would be to obtain a bet-

ter fit to the dynamic laboratory data in the previous section using the

model in its present form. However, there is presently not enough flex-

ibility in the model parameters to preserve both the low~ and high-
stress stress-strain responses shown in Figure 38. On the other hand, it
is very likely that further developments in ONED3P might result in a

better simulation of the measured wave forms. For example, if viscosity

increased with stress level, a sharper wave front would be calculated.
Such modifications to ONED3P are being considered but are not within the
scope of this report.

62. On a more positive note, the stress wave arrival times at
various depths were calculated with greater success. Note that the cal-
culated stress waves slow down as they travel decper into soil. The
observation is consistent with the dynamic stress-strain behavior of each

element. As the wave travels deeper into the soil, the dynamic
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Figure 39. A comparison of ONED3P results with FHS

field test measurements
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Figure 40. A comparison of ONED3P results with FH5

field test measurements
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stress-strain response approaches the "static" response. Initial stress
wave velocities predicted by quasi-static laboratory data would have
been much smaller than those measured in the field.

63. Note also that the wave speeds calculated for the FHS5 field
test simulation are greater than those for the FH4 simulations.
Since the only difference between the two calculations is the rate of
loading (40 microseconds to 21.3 MPa for FH4 and 30 microseconds to %
127.7 MPa for FHS5), the results demonstrate conclusively that the rate of

loading must influence wave speeds by causing a stiffer dynamic stress-

strain in the material.
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| PART VI: SUMMARY

64. Recent experimental data on soils showing that the application
: of loads with submillisecond rise times results in significant rate-
dependent compressibility behavior have prompted the need for a one- 4
dimensional plane wave propagation code for layered rate-dependent
hysteretic or visco-compacting materials. Accordingly an explicit one-
dimensional finite element code named ONED3P has been developed which

incorporates a three-parameter (spring and dashpot) mechanical model

consisting of a linear spring and dashpot in series coupled in parallel
with a piecewise linear hysteretic or compacting spring.

65. ONED3P allows for the analysis of a column of multilayered
visco-compacting soils loaded by a digitized surface pressure-time
history. Any set of consistent units may be used with this code and re-
sults may be obtained in the form of stress-, strain-, acceleration-,
velocity-, and/or displacement~time histories as well as stress-strain
curves using standard Calcomp software. o

66. Several demonstration problems were calculated using ONED3P
to evaluate its features and capabilities against (a) available analyti-
cal solutions for viscous and nonviscous problems, (b) other code solu-

tions, and (c) measurements from field experiments that evince rate-

dependent soil behavior. 1In general, results were extremely good.
67. Special attention was given to the effects of loading rate or

frequency on wave speeds in viscous media and to methods of deriving

the ONED3P model parameters from laboratory material property test data.

Program listings and a user's guide for ONED3P are included in Appendix A.
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APPENDIX A: WES USER GUIDELINES AND PROGRAM/DRIVER LISTINGS

1. ONED3P is set up for running on the WES GE 635 computer system
CARDIN subsystem* and requires a free-field data file in the form of a

permanent file for execution, whose name should appear on line number

8020 of ONED3P:

8020$ : PRMFL:39,Q,L,R0OSDJOC/file name

If there is more than one input quantity on a line of the data file
those quantities should be separated by commas or blanks. Any line num~
bers used to generate the file must be stripped before ONED3P can be
executed. Hollerith~type information must be enclosed in double quotes.

The format of a typical data file follows.
Section 1: General Information

Line "Problem Title"

Line Boundary condition

The bhoundary condition is an integer which selects the type of bottom

boundary condition and may have the following values:
1 = free 2 = fixed 3 = transmitting
Section 2: Material Properties

Line "Title Describing Materials"

Line Number of layers in the soil column

*

Execution time for any calculation on the GE 635 may be figured by

assuming that ONED3P needs 0.00007 hundredths of an hour of CP time/
element /time step.

Al




Line

Line

Line

Line(s)

Line(s)

Layer number, number of elements in layer, layer
density, layer height

n, M2 for that layer

Number of stress and strain pairs (of 0-G coordinates)
defining the piecewise linear segments of the M

load curve including the origin number of stress and

strain pairs defining the M1 unloading curve

Values of stress-strain pairs defining My load curve
in sequential order beginning at the origin

Values of stress-straln pairs defining M; unloading
curve beginning at user-chosen point on the load curve

The last five (or more) lines are repeated until all of the layers are

defined beginning with layer 1 at the top of the soil column.

Line
Line

Line(s)

Line

Line

Line

Line

Line

Section 3: Surface Loading Function

"Title"
Number of stress-~time data pairs

Stress-time data pairs beginning at the origin

Section 4: Execution and Print/Plot Parameters

Problem time at which calculation will stop, time
increment

Print interval,* plot interval,* number of locations in
the column for which plot data are to be saved**

Numbers of the elements or nodes in the column for
which plot data are being savedt

Total number of plots requested

Type of plot, element or node number

*

k%

Print/plot interval takes an integer; 1 means save data at every time
step for print/plot; 4 means save data every fourth time step, etc.
The dimension of the FPLOT vector in ONED3P (line 175) limits the
amount of plot data which can be saved. That dimension must be
greater than 500 plus six times the number of time points to be saved
times the number of elements being saved.

For each number listed results are saved for both the element and
node having that number.
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Line X value of plot origin in inches, Y value of plot

origin in inches, plot angle in degrees, X axis scale
factor in units/inch of plot, Y axis scale factor,
length of X axis in inches, length of Y axis

The last two lines of data are repeated sequentially until all requested

plots have been described. These lines require the following explana-

tion. First of all the plot type is an integer with the following

values:

Value Type of Plot
1 Stress~time history )
2 Strain-time history T
3 Stress-~strain curve
4 Acceleration-time history
5 A Velocity-time history
6

Displacement-time history

Next the origin of each plot refers to its position on a standard 34-in.

IR Y L T et

Calcomp drum plot where the origin on the drum plot is located near the

bottom edge of the paper. The plot angle may be either zero degrees for

plots whose X axis is parallel to the bottom edge of the drum roll or 90,

180, or 270 degrees rotated in a counterclockwise direction.

2. As an example of a typical data file for ONED3P, consider

Figure Al which shows the file that was used for one problem in Part IV.
3. A listing of ONED3P follows.
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1470 IFvILFP.LT. G, FTOF * HEGATIVE LORDIMG MODLILLE"

e =0 ed ILvIeMH=-1v= ZLP

1930 MM1= HILv]I»-1

1520 DO & H=ZeMaLi I

15410 ILP= Il iTeM-1s =T eM s o CEUCTaN=1 9 =B L s ND &
1SS0 EUVvlaM=1s = ZideleMa

l.rn IF v ILF.LT, TTOF * MEGAHTIVE UMLOADIMNG MODULLS"

2 IUvTen- 1-— :LP
HEl= HI -1
&% LOMTINUE
DTMIM= O, 2eDTMIN
CRIMIT= ZOPToIL oML 1y -POY

1eS0c IMCPEMENT TIME
1R
FFRIMT.
PRIMT." *s00000000”
FRINT«" MA<IMUM TIME INCREMENT SHQULD BE"«DTMIN
1.nn PREIMT." 000000000
1710 PRIMT,
17200 FEAD MARAIMUM TIME AND TIME INCREMENT
1740 FEAD 3310200 TMAXDT
17ES DO 2000 I=1,HEL
17 2000 DTQ Ix= DT

A7

- + s DRI

s:[&* f LR,
- v eges e %ﬁm;

h L eree -




R

TA
t
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HTIME=1 |
FERD FRINT AMD FLOT INTERYAL: ARD NHD. OF FPTZ, TD BE “AYELD
FEAD X5 LNZ1 HRFFNT«HFLTIWKEEF
IF + EEF.EC, 0 30 7O 4000 ’
FERT Zaciucns HYEEF 1« I=1<kEEF?
HFT2= TMHS «DTOFLORT iMFLTIs 2 +1
M IZE= NWFT . erekEEF+S U1
: IFe IZE T &S0 TTOR FLOT FILE TOD EIG"
Junre [FELT=1
FRINT M0, OF MAID POINTS="oHMAT]
FREINT. " HO. OF ELEMENT: ="vHEL !
MIh= MEL c&+1
0 CONT THUE

10
13100

Seen
SR Wi

SN

Ju

945
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J.

1131

D0 x4 I=teNEL
LI =0
[FeMFLT ST, T0ons 30 TO 1295

LOMFOTE HEW RCCELEFRTION

D0 et 1=l ]

LH=HLAY T

IF I HE.HMAT T 30D TO 42
B0 TO A e duedS . JHETYFE

FIVED BELTTOM EOUMDHEEY

RECciele= 0,
30 T0 =0

TRFANIMITTING REDTTDM BEOUMDARY

El= EFI ZeHEL"
IF AEIE1 .Y TREF-Y G0 TO 42
El1=kZ

FR.T= 1.4

S0 TO 47

IFIFLGE.ED. 1 0 TO 947

liafPe= o JlGcSeNHEL #1165

AFS= AFZ+DAPS

FRCT= AFE-AR1

= OFRTEMIeFRACT -POYeEL-ESD
Ec= EI

B0 TO <0

FREE EQTTDOM EOUNMDARY

ACE 1elvs Foly AMALI L

COMT IHUE

IF MOD HTIME«HPFNTY L HE. O) GO TO 101
FPINT. " TIME=".THVME

S HEL o0, SO EPI S HELY ~EFZ (e NELD S
IF/EF ' SeHEL (LT EFZVZeNELY Y IFLIE=1

FRINTeZID 1ol sEFZ el ZIG e NHMIT sEFZ v Lo NMIDY o 21001 e MEL Y »

YEFI Y 1eHELY

IF  MOD HTIME, HFLTI JHE. D 30 TO 103
IFVEEP.EQ.0O¢ 30 TO 103
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OHED 2+ COnT tus Szl S Je 2y FILE Friak 140, “

TIME ' MFLY «= THYME
g 1nE I=1+FEEF
H1= ' 1~1  ONFPT I+ HELT
= o [~14rEEFeMFT T+ HFLT
Moz +1-1+ceb EEFcoMET I+ MFLT
= s l-1+:er EEF v eHFT I+ HFLT
He= +I-1+3eLEEF onFTI+ HFLT
b= N EEFCT
FRLOT 'H1v=_T 1k
Taleko
FRLOT iz =0 1eb
FRLOT M3 v =vEL v 1k
1S FRLOT S =sOIIF 1ok
HFLT= HFLT+1
tux HTIME= HTIME+]
DO 4% I=1eHMRATZ
4 Fole= o0,
THYME= THVYME+DT

IMTESFATE ACLELEFRTION
00 Se I=tenrA 2
VEL ' 1el1= VEL Zs I+ ACC 1a10eDT
DITF tefo= DIIFiSe1v+ VYEL ' 1e12eDT
S COMT IMLE
IF MHETYPE.ED. 3+ WEL 1eHMAZI = YEL S MMATT v +IY

¥

COMPUTE ITRARINI AMD CTREZIET

SN Do 100 I=1.MEL

ZE HHT=0

11=1

[ LH= MLHY s T
HYTHH= ETH LM
DEF =0T WEL 1al  =WEL  1a 412 Tl =T+
IF AT DEFI.GY.TDEFI GO0 TO
IF AEEFI&el 0 3T . TOEFZ» 30 TO S2
WEL Lelizs wEL ST
IF'T.ED.MELY WELv1eI+1= VYEL SeI+12
DEFT=0,

S EFIqlelv= EFIcZI~DEF:
IFVEFZ 1o JLT.EMA T2« LTIGH I =1
EF= EFZI.141
El= EFT 21
IFVER: v1a I BT EMAS T JANDLEZ LT EMASR (T vy LEITGMoIY=1
E_Mi= EFZ2e10
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Jimls Tl
DTA=0,
UTH= DT
gEl= EF
IF«LIlaM I EQ. 0 6O TO &
IFEFI«ls1+.GT.EZ+ 30 TO 400
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MAAC = 2L~
IFEZ.LT.EIML O TO z0n
IF'EZLLT.EMA T 30 TO 235
EMHE+T«1r= EMRAS ]
00 239 Jd=1«MMAs
IF MR I T B L vy 30 TO &87
DLMMyY = TMAS T
IFLAG T =1
A MR- J+ S
IO &9n MHE= e MR
TI= JIhbte &
IFAMS LH LT 1. ESc DIY= DI%+ AMS LMY
EME ' ToHHE = EME ' ToHHE=~1 = cDUMMY—ELI o LM 1 c DI
DdMmMy= B LM« b
R LU TS |
SRS EIMl= EX
TIMi=E
00 Ml AL CITEZVEFSET s MMAMS L0
IF'AEZEF-EZ LT, 1.E-10 30 TO =10
ITH= DTN EI-EZv ~ EF-E
10 IF=IIF1 cEME AN LMY « AV THHY ZE3ML
IF I ED.HELY AF1= AR+ 7ML cIx 4D
IM1elv= TMLI T+ DEML
DTR= DTA+ DTH
DTO: 1= DTN
IF ' HEL v vIT-DTH» ~DTH LT.1.E-%> 0 TO 7o
DTH= DT-DTA
IiMi= IF
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# THVME
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FELOADIMNZ

SO0 COMTINUE
HMAG = MLy -1
IF(EZ,BT.ESMIY o0 TO 410
ElMi= EZ
IiMl= T
10 ML= AMLC T T EZWEF«ET s MMAK 2
IF ' REZ(EF-EZx,LT.1,E-10¢ 50 TO 415
DTH= DTHe 'EI-EZ» - EF-EZD
415 TF=I1P1 CSMLy AMZ (LI s A THHS
IF 1. EC.NEL: ARLI= ARL+ EML T +[E
IMLeIv= TML I+ DIMy
ITra= DTA+ DTN
DT0cls= DTH
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IFAEZ DT-DTH DT LT 1. E-0
ITH= DT-DLTH

IImnl= IF

ti= IF

€= EI
IF AMS LN LT, 1L ES Y AYTARH= O,
El= EF
HUHT= MLMT+1
IF MIHT. BT SN FRIMNT
IFecT 37,20 0 70 1
30 TO 410

420 IFEFLT.EMA= T 0 TO 7T
EMA~nt 1= EF
MR Iv= TF
30 TO T

TOF IM

[T

SMIPGIM LORLIIHG

=S CONTIMLUE
MMAF= HIL LM -1

23 0MLE AML TIsEZsEF«ETs MMAK 2
IFvAE-‘EF-EZ".LT.1.E~-10
ITH= DTHe EI-EZ:.- EF-ETs

Ed TF=TIF1 ML AMS (L s AV THHS =
IFCT.ER.HEL AFI= ART+VIMY (T0+
IM1Ie= TMICTo 4 DIML
DTR= DTA+ OTH
pTD«I"= DTH
IFCABZ v vDT-DTH ~OT .LT. L E-B2
DTH= DT-TLTH
IIMl= tF
II= IF

EiMl= EI

El= EI

IF AN LMY (5T 1 ESY AYTRH=O,
El= EF

HEHT= HOHT+1

IF HIMT.GT, 200 FRIMT." TTOF IN
"THYME " « THYME

IFHIMT.ET. 20+ 50 TO 185
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Frlelv= Felelr + SIGe1sIn

2230 10n CONTINUE
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SN WEL g e T WEL LT
e n DIZF«Ealv= DIZF 1e1:
4070 110 CORTINUE .
s DO 11S I=1«HEL
i CIizeZe]le= 1Gegel
4100 IIarvgelv= JIGY1
4110 EFZ+Z3«l= EFZ &l
41 EFZ 2+l 1= EFTlaT ¢
G100 115 CONTINLE
415 LT0' 1= DITH .
21400 :
41500 ADDL ZUFFACE ITRELZTD
1 ;
3170 Friv= Frloe Z2TRI cTHYMESHTIME » :
2 IF o MPLT LT L0000, AMDL THYMELLT.. TMR S0 T3 =0 i
dpEn !
o CHLLULATE TREZC FOINT LOCATION: !
i
D0 1&2 =& HMAL T
Iag Jivle= a2y 4T d=fr e, S
HTM1= HTIME-1
FLOTTEFR OUITRUT
1289 CALL PLOTT e e 30
FEATH 2941020 HFPLOTT
FRINT«" HO. PLDOTI="NHFLOTZ
IF MPLOTZ.EQ. O 20 TD 1ED
- HFLT= MPLT-1
! T0 150 M=1«HFLOTS
120 FERD 33« 1020 H1sHE
IFM1,ED. 0 30 TD 1£0
0 131 I=1.FEEF
IF'MFEEF <1+ . HE. N2 0 TO 1321
He= 1
- 121 COMTINLUE
EE Y GO TO f13Ce135¢1230 14161440147 o141
122 FPRINT«” ZTREZZI-TIME"+H2
DG 1223 I=1HFLT
H= M-t eNFTI+]
122 DMy Iv= FRLOT (N
CARLL FLOTTCTIME 15« DML 17 o HPLT e 4o Se FTITL
B0 7O 150
1235 FFRIMT«" ZTRPAIN<TIME" «NZ
D0 135 I=1eNFPLT
H= ' ME-1+FEEF  oNFTZ ¢ .
123 ML Iry= FRLOT M o100, i
CALL PLOTTCTIME + 17 «DLIML o 13 «HFLT o 1s 2«FTITL ’
30 TO 150
132 PRINT«" ZTREIZ-ITRAIN" NS
DO 123 I=1.MFLY
H=iHe-1roMHPTI+]
HH= M- 1+KEEF NPT +1
UM 1= FRLOT oy
123 MY [:= FRLOT rNM o100,
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CALL PLOTT D1y o f o a DA e 1 s s HFLT e Ze 2« FTITL Y
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FRINT«" RCC~-TINME"

DO 135 I=1e0FLT
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H=no-t+Eeb EEF oNFT 4]

MMl 1= FRLOT +t

A, SNRE -

CALL FLOTT O YIME 1o DUML f oo MPLT 1« 3«FTITL

s T3 190

FRIMT YEL-TIME"
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Mz -+ 20t EEF oM TI+]
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CRLL FLOTT  TIME Lo e Dt o 1 s HPFL T e Lo Se PTITL ¢

=0 70 190

DU 143 I=1aHFLT

CFRINTS Y DIZRF-TIME" M2

Hz  HE~1+30t FEF o FT I+ 1]

it o= FRLOT 1

ISR

CHLL FLOTT TIME 1« DML 1 o HPL T La e FTITL

CONTINUE
FEMINMD 33
CHLL DETACH: Z%e e

FeinTe" DOHE-DONE-DONE ™
CRLL FLOT 0,0, 3%,

FEMIND

STOF

FORMAT  Tade "3
FORMAT 4

FORFMHT c 1100 2F1E. S

FOFMMT " LAOEF™ ]
FORMAT T "HODE ™
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FERD SN HETC
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IF T LT, 1oy es

1= T2
TITRI=E VOMPT I
FETLIFN

R LTS CYERIRIE FERTE £F RER SPR SE%
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FETLRM
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COMMOM L e S e Jiin e Sl s EL P S s B L DS

U EME RS e T TFLAR v m S s LHeHIL T el p o

El= F

HEE .= MMA = TFLHA L o+

IF ITYVFE.ED, 0 =0 7O dun

IO 110 2=1NHEE®

1F T JATLEHE Lo 0y 30 70 115

DR 1&n v =1 HEED

IF D F.ORTLEHME Leb oo 30 TO 125
a0 T rENe Zun e ITYRE

LHLORD TG

AHML= DL IFLAG L+ 4=
1F 0 EO. s FETURM

El= ENME L«

FETLIRT

FELDADIIHS

IF L LEQ.EME L1 30 TO 400
IF I EN.EHE «Ls f=1 4= -1
MM1= LM TFLAG L+ 0=
IF- 4 nELF 30 TO Z100

IF+ F.LT.EHE 'Ls11+ FETUFH
El= ENME L+ -1

FETUFH

WIRGIM LOADING

IFITVFELHE. S 30 TO 405

HMA = L L -1

OIS RTIE RS S14 TR

[FEL Lte v 3T, 02 30 TO 415

[0 $ob v =2 HMAY

IF bl LMeh 03T F e 30 TO 420

HMIPLE L L

TE . UAELEL LIt B o ARLE L LHeHMAT

o R LT EL LR T D T VLT EL L A . ETs EL LM HMRD

R LpLy - FETURN
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Tie= JIMlen

Ii= «EIF1-ET] e
Dd= +EI-EIM1 o
CIFL=E Di-DEsDE-Dd
'Mi= Cle EIFL-EIL:
FETLIFN

END

CHEFOQUTIME FLOTT 0 « Cale ILUTS ILY T TITL,

CHHPFALTER ¢1 AHICLHEL®1S

DIMEN_IAN vl e Lo o LHEL T o 0 7o o HDF T a T v d v I v s
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DIMEMZION HT  d el TrdeovT e gy
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LHEL 1> “TIME - nmzeC
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LAEL S CWEL - oo mzEC”
LHEL 1m0

S L Al St
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FEAD 330200 0y HBLE« TR TR St e L
D= IF.
= ZFY
IA= THGLE+1 - 20+
THETH= HGLE®Z, 14159265 180,
C= 02 THETHR:
I=lIMTHETA
CHLL FLOT ey e =2
IF TALHE. HHDL IAR.MEL 4 20 7O £
IDt= I
IL=1LY
ILv=100M
10 (L] 4 B U
= 1Dy
D= WDdim
SDUm= L
=Tl
M
RIS { IR B A STIORTN o
HOcIL Yy » o THOY s T
el IR el
Dvel VIR e L
Dol lmeIr
Dvellvw lF
SLeHIH IR
TLenIvee IR
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CALL ALTZLE
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S D0 1t I=teH

= o lel o IF
LALL FLOT 'HeVe S
100 CONT IHLE

CALL FPLDT c=lite =4ie =30
FETURFH

0 FORMAT &

X END

NRIIESLGTLITY

St ERECLTE

SN0 LIMIT I Zoe Tk

SNZORTFRMFLS VLo R OID DI FEDDIATR

0 THFET 2 O EDess v Ol FL
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Veleel IFVH
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ONED3PD

4. ONED3PD is the driver program mentioned in Part V, which can
be used in a trial-and-error process to establish values of the viscous
parameter n and the spring M2 . This code is presently set up to run
on the WES DPS/1 time-sharing computer system and makes use of a data
file which is very similar to that required for ONED3P; however, because
the time-sharing system is interactive, many of the input quantities
required for running ONED3PD are input from a teletype keyboard by the
user.

5. Referring to the data file shown on Figure Al for ONED3P
batch runs, all that is required for a ONED3PD data file is the problem
title from Section 1, the static stress-strain curve (M1 function) from
Section 2, and the forcing function from Section 3. All other input
information is asked for by ONED3PD at the time of execution through the

process of interactive questions and answers. A typical ONED3PD data

file follows:

1 TITLE

STATIC
S CURVE STRESS-STRAIN

LOADING FUNCTION

(U

Uoedt

O

6. A listing of ONED3PD follows,
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USS

FRINTS
FFRIMTFTITL
FRINT.

ng o1n I=stez

Tlevla=a,

FRINTs " ETR«ME”
FEATVETH B2
FEADNe 23 10
FEAD O R
FEATI 230 1070
MUl el v=1,
JERIC S NN
1iFLT=2

MILHTU
CEL YT CELNID s Tl aMEL
EATEE SR JINE SRS £ BN L I

INSUT TURFRCE TTREID TIME HIZTORY

", U
TITRIVTHYFE S 1Y

THME =
ClEere=

EITRELTIH A TRELE OF mODLL] FOF ThHE #1 FUMCTTDN
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- S YT RSE RNy SET OF COMITZTEMT LITE8 FORF TN TARCE.
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e CHARRCTERF®L ANTTITLESRSFILESSS«FTITLOd
VN COMMOMN T oS0 e 2SS o ELYS O s ELSO s ENME 100 o TFLAGSHTL eI
b DIMEMZICH TIME«SOO « LML ¢SO0 s IS S 0G e EPT e 2y« T[540 5
1D ] DIMFHITON FRFLOT 1 G000
: i CHLL FERFAM LM
(AR LN CALL FROFT a7 e ls b
(OSSR
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FERILFILE
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DG 29 pi=ashiL
ILFE= s T oaler= L aH=1 0 e EL M -ELH=1 e
IF LR LT 0. ITOP " BESAHTIVE LOATING pODug’”
24 LM-1= ILF
Ptt= nlL -1
- N0 Se M=Zeri:u
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M= HIL -
PRIMT " MR IMGe TINE”
FERDe THMA
FRIMT TIME THNIREMEMNTT
FERLD'T
nyG= nt
HTIME=1
FRINT. FRINT INTEFYSL ANL FLCT INTERYAL®
FERT W HERHRTaHFLTI
HETI= T - LTeFLGRT P HELTIY 1 41
= MFTZeZ+Sin
IFMIIZE.RT 10N JTOF * FLOT FILE TOO EI1G”
HFLT=1
0 COMTIMNUE
LIInM= 0
IFHFLT, ET. Iaa0 <0 TC 125

IF MOL T IME KEPHTY JHE, D 30 TG 101

ERIMTs THYME 2GS s EFZ 620
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TIME sHRLT = THYIME
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HELT= MRLT+1
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BT =R
= TIEeL
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In accordance with letter from DAEN-RDC, DAEN-AST dated
22 Juty 1977, Subject: Facsimile Catalog Cards for
Laboratory Technical Publications, a facsimile catalog
card in Librarv of Congress MARC format is reproduced
below.
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Station ; Springfield, Va. ; available from NTIS, 1981.
66, 24 p. : il1. ; 27 cm. -- (Miscellsneous paper / U.S.
Army Engineer Waterways Experiment Station ; SL-81-25)
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"September 1981."
"Prepared for Assistant Secretary of the Army (R&D),
Department of the Army under Project 4A161101A91D."
Final report.
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1. Electromagnetic waves. 2, Finite element method.
3. ONED3P (Computer program). 4, Soil stabilization.
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